The term 'translational research' was coined 20 years ago and has become a guiding influence in biomedical research. It refers to a process by which the findings of basic research are extended to the clinical research setting (bench to bedside) and then to clinical practice and eventually health policy (bedside to community). It is a dynamic, multidisciplinary research approach. The concept of translational physiology applies the translational research model to the physiological sciences. It differs from the traditional areas of integrative and clinical physiology by its broad investigative scope of basic research to community health. Translational physiology offers exciting opportunities, but presently is under-developed and -utilized. A key challenge will be to expand physiological research by extending investigations to communities of patients and healthy (or at risk) individuals. This will allow bidirectional physiological investigation throughout the translational continuum: basic research observations can be studied up to the population level, and mechanisms can be assessed by 'reverse translation' in clinical research settings and preclinical models based on initial observations made in populations. Examples of translational physiology questions, experimental approaches, roadblocks and strategies for promotion are discussed. Translational physiology provides a novel framework for physiology programs and an investigational platform for physiologists to study function from molecular events to public health. It holds promise for enhancing the completeness and societal impact of our work, while further solidifying the critical role of physiology in the biomedical research enterprise.
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J Physiol 591.14 first to lay the groundwork for a subsequent, more detailed discussion of translational physiology per se. In the latter, the concept of translational physiology is described, followed by a representative example of a physiological question that has been studied in its full translational breadth. Sections follow that address investigative opportunities in population physiology, discuss translational experimental approaches, and emphasize translational models for studying the efficacy of interventions aimed at enhancing physiological function. Finally, barriers to and strategies for promoting translational physiological research are identified.
It is hoped that the overall discussion will broadly inform student trainees and early career stage postdoctoral investigators, while emphasizing translational opportunities for physiologists presently engaged solely in basic research. Although physiologists currently utilizing translational approaches will find much of the content familiar, suggestions for extending their work to community health applications or, alternatively, towards greater mechanistic depth, may prove helpful.
Translational research
The term 'translational research' is familiar to any investigator working in the biomedical sciences. Traditionally, translational research has referred to the process by which basic science observations are 'translated' into knowledge and products (new therapies, guidelines, etc.) that benefit clinical practice and community health. Although research based on this approach has been performed throughout the history of medicine, the label translational research was coined by the National Cancer Institute in the U.S. in 1993 to describe the research process needed to link cancer risk to predisposing genes. Use of the phrase and its underlying concept has increased dramatically over the last decade, such that translational research is now a fixture in the biomedical research lexicon and a guiding influence in programmatic directives and the missions of funding agencies worldwide (Woolf, 2008; Homer-Vanniasinkam & Tsui, 2012; van der Laan & Boenink, 2012) . Indeed, more than 1500 articles have been published with translational research (or a related term) in the title and scientific journals have been established to feature research on this topic. Recently, specific programs and centres have been established in the U.S. and E.U. to facilitate translational research, driven by concerns that basic discoveries are not being advanced to improved health outcomes at an appropriate rate (Homer-Vanniasinkam & Tsui, 2012; van der Laan & Boenink, 2012) .
The overall process of translational research is defined by a series of steps or phases within a continuum (Woolf, 2008; Homer-Vanniasinkam & Tsui, 2012) (Fig. 1) . 'T1' refers to research aimed at translation of observations from basic research to the clinical research setting (bench to bedside), whereas investigations extending insight from clinical research to medical practice and community health initially were described as 'T2' (bedside to community). More recently, T2 has been further subdivided into T2 (clinical science to clinical practice) and 'T3' (clinical practice to community or population health) (Homer-Vanniasinkam & Tsui, 2012) , and other descriptions of the process advance alternative and broader ranges of the phases involved (Khoury et al. 2010 ). Such differences aside, translational research can be viewed more narrowly (T1) or broadly (T1-T3). In concept, it often is presented in the broadest sense (basic science to medical practice and public health), whereas in practice it is typically performed within a particular phase (van der Laan & Boenink, 2012) . The latter is due, at least in part, to the fact that the various steps of translational research require very different investigative skills and infrastructure (Woolf, 2008) . T1 research requires basic to clinical science skills and laboratory facilities. T2 and T3 research requires skills in epidemiology, behavioural science, public policy and other fields that are needed for synthesizing (via systematic reviews, meta-analyses and medical guidelines development) and then disseminating and implementing observations made at the clinical Figure 1 . Translational research continuum Basic science observations are translated initially to the clinical research setting (T1) with subsequent translation for implementation into clinical practice (T2) and public health policy (T3). The process is bidirectional in that observations made initially at higher levels of translation can be studied for underlying mechanisms or other features at the clinical and preclinical levels.
research level to population health outcomes in settings of clinical practice and the community (schools, assisted living centres, etc.).
A few additional features of translational research serve to inform the present discussion. The process, when approached with full theoretical intent, is dynamic, with knowledge on a topic expanding across multiple levels of observation and application. This dynamic expansion of information should be bidirectional. Although conventionally viewed as translation of basic science to clinical application, at its conceptual best, observations made in medical practice and community health settings also should stimulate investigation at the clinical and preclinical research levels to delineate mechanisms of action ('reverse translation' or 'bench to bedside and back to bench') (Marincola, 2003; Homer-Vanniasinkam & Tsui, 2012; Liebman & Marincola, 2012; van der Laan & Boenink, 2012) . Mechanistic evidence can then lead to new diagnostic and/or treatment options, which can then be tested in preclinical models and advanced in the translational process for eventual implementation as new health practices. These features of the translational research process require multidisciplinary investigational approaches.
Concept of translational physiology
As an integrative life science, historically, physiological research has been conducted using many of the same principles that guide translational research. Physiology is studied at multiple levels of observation and the influences of higher and lower levels of organization on function are determined (Noble, 2008; Joyner, 2011; Kuster et al. 2011 ). However, it seems reasonable to state that, at least to date, most physiological research has been conducted within a limited range of the T1 phase, i.e. from cells to small groups of human subjects.
Although practiced from the beginning of the discipline, the term translational physiology was first introduced in a brief editorial by John Hall in 2002 (Hall, 2002 . Among several key points, he emphasized that translational physiology could make important contributions by both confirming basic science findings in humans, and testing hypotheses in preclinical models based on observations made initially at the clinical level. Over the last few years there has been additional useful commentary related to the potential role of physiology in translational research (Head, 2010; Joyner, 2011; Wagner & Paterson, 2011; Granger et al. 2012) .
So, how does translational physiology differ in concept or practice from the traditional tenets of integrative or clinical physiology? Perhaps the primary difference is in the scope and spirit of translational physiology. Integrative physiology aims to connect observations from subcellular events to the whole organism, and clinical physiology typically focuses on specific groups of patients and/or healthy controls. Translational physiology can be viewed as the study of physiological function from the molecular/cellular level to populations of humans with application to public health (T1-T3) (Fig. 2) . In this interpretation, integrative and clinical physiology remain as foundational components of translational physiology, but become part of a broader vision with a more direct path to population health status. The far-reaching translational endpoint becomes optimal physiological function of populations operating within their environment. This has important health implications because physiological dysfunction is a common gateway to clinical disease. Thus, the ultimate goal of translational physiology is the attainment and preservation of optimal societal function, health and quality of life.
Translational physiology in practice: sodium intake and blood pressure One example of translational physiology in its full expression is the investigation of the influence of dietary sodium intake on arterial blood pressure. From initial discovery reports of a possible role for excess sodium intake in essential hypertension in the early 1960's (Dahl, 1961) , insight into the relation between sodium and blood pressure has been extended bi-directionally (Fig. 3) . 'Forward translation' involved association studies that confirmed the relation, followed by small-scale prospective studies in humans in which sodium intake was manipulated and blood pressure found to change in a Figure 2 . Translational physiology Physiological observations are made at the molecular and cellular levels and translated towards eventual application to public health. Mechanisms underlying differences in health outcomes or population function are studied at progressively lower levels of observation. The ultimate goal is optimal societal physiological function, health and quality of life.
J Physiol 591.14 predictable manner (MacGregor et al. 1989) . These results lead to efficacy studies on larger groups of subjects showing that dietary sodium restriction could reduce blood pressure (Kumanyika et al. 1993) , followed by effectiveness trials confirming the response and establishing subject compliance (Kumanyika et al. 2005) . Reverse translation has included studies in human subjects, animal models and cell culture aimed at determining the mechanisms by which sodium influences blood pressure and its renal-cardiovascular physiological determinants (Dahl et al. 1974; Gu et al. 1998; Gates et al. 2004; Jablonski et al. 2013) . With this collective information, position stands and policy statements were developed (Appel et al. 2011) , and, working with both industry and public health programs, several countries including Japan, Finland and the UK have instituted nation-wide sodium reduction policies (Mohan et al. 2009 ). Importantly, physiologists have played a prominent role in this overall effort up through the highest levels of translation (T3) (Appel et al. 2011) . Other examples of physiology contributing to the development of clinical guidelines and public is related to dietary sodium intake is translated by experimental studies manipulating sodium intake and assessing BP, followed by dietary sodium restriction trials, to clinical guidelines, and finally to public health policies for reducing population sodium intake. Mid-to-lower: The mechanisms underlying the discovery observation are studied in humans in the clinical research setting and in preclinical models. Modified from Jablonski, K.L. (personal communication).
health policy have been emphasized previously (Joyner, 2011) .
Getting there from here
Despite these notable examples, translational physiology has not been a guiding principle in our discipline. To establish it as such, more emphasis will be required to extend the current strengths of traditional physiology (i.e. integrative studies of function from the molecular/cellular to organism level) to population physiology and public health. The latter end of the spectrum is in large part where the greatest developmental challenges lie, but reaching that end will be necessary to achieve the full potential of translational physiology.
A more uniform extension ('fleshing out') of physiology to the population level will allow us to directly link physiological function/dysfunction of groups of patients and communities of healthy individuals to the mechanisms of action underlying their functional status (Fig. 2) . Such efforts will generate new information on how higher levels of function and organization influence lower levels, and vice versa. This approach also will provide a means to determine how physiological function of populations is related to long-term health outcomes. A more comprehensive effort in population phenotyping will provide greater insight into functional variability among individuals, how individuals adapt to stress and interventions, and a better understanding of the connections between physiological and genomic variation, with important implications for personalized medicine. These issues cannot be fully addressed with preclinical models or in small groups of human subjects, i.e. with the conventional physiological approaches of the past.
Greater efforts also will be required to expand T2-T3 translational physiological research. This will necessitate greater use of the tools of synthesizing existing evidence on physiological function obtained from basic, clinical and population studies (e.g. using systematic reviews and meta-analyses) for developing guidelines on how to optimize and preserve physiological function in different populations and settings. Dissemination and implementation research will be needed to combine information derived from physiology-based investigations with insight from behavioural and social sciences, education and communication theory, biostatistics/bioinformatics, health care delivery, public policy and other areas (Woolf, 2008) to establish evidence-based 'best practices' for optimizing physiological function in individuals and populations.
Physiological epidemiology
One novel area of translational and population physiology relates to network medicine and 'diseasomes' , i.e. clustering of diseases and major risk factors or processes for disease not previously recognized to be associated (Barabasi, 2007; Chan & Loscalzo, 2012) . As an example, recently a diseaseome of physical inactivity associated with type II diabetes, cardiovascular disease, cancer and brain diseases was recognized (Pedersen, 2009) . Although the association among diseases within human populations has long been the purview of clinical epidemiology, translational physiologists can play an important role in identifying the integrative physiological and pathophysiological mechanisms that connect these clinical disorders (Pedersen, 2009) .
Moreover, if one simply substitutes the physiological dysregulation underlying the disease process in question (Fig. 4) , an observational research model is created that could be termed physiological epidemiology or the association (clustering) of physiological functions/dysfunction. This represents another opportunity to extend the scope of traditional physiology to the population level and public health. With our ability to obtain high-resolution phenotypes, physiologists can play an important role in epidemiological research. Indeed, there is a well-established history of physiological assessments in longitudinal observational studies in medicine (Braun et al. 1979 ) and more recent generations of community-based epidemiological investigations like the Framingham Heart Study in the U.S. have added technically demanding measurements of physiological function (e.g. brachial artery flow-mediated dilation) that are performed on large samples of human subjects.
There are many other opportunities for translational physiology in population research. For example, in addition to genetic influences, a number of social-demographic (e.g. social networks, education, income), behavioural, cultural, race/ethnic and other environmental factors are related to physical function, disability and chronic disease (Link & Phelan, 1995; Fried & Guralnik, 1997; Koukouli et al. 2002; Banks et al. 2006; Barabasi, 2007; Turrell et al. 2007) (Fig. 5) , in many cases independent of conventional risk factors (Banks et al. 2006) . The possible effects of these factors on physiological function and the underlying biological mechanisms are largely unknown, and physiologists are needed to help fill in these knowledge gaps. Such information also may provide valuable insight into the physiological basis for differences in health outcomes within/across societies (Banks et al. 2006) . Importantly, some of the social and environmental modulatory influences on physiological function can be studied using preclinical models, as is being done so effectively in the behavioural sciences (Huhman, 2006) .
Population ageing represents another opportunity for translational physiology (Kirkland, 2013) . Advancing age is the primary risk factor for most chronic diseases, and worldwide ageing patterns are inducing an ever-increasing burden on our health care systems and insurance programs. The key challenge will be to understand the mechanisms by which ageing leads to physiological dysfunction and increased risk of disability and disease, and to establish effective prevention strategies that act to preserve function, independence and overall health status as long as possible during natural life ('compression of dysfunction and disability'). As the current 'baby boomer' generation continues to age, they will be seeking insight into approaches for maintaining physiological function, while remaining physically and cognitively active and productive in the workforce. Physiologists working at all levels of the translational continuum will be needed to meet this growing demand. Translation of basic research models and observations to establish interventions that can retard primary ageing processes and prevent the development of clinical diseases in humans is among the most important future opportunities in this area (Kirkland, 2013) .
Lastly, several types of clinical disorders that affect large segments of the population can benefit from translational physiological approaches. For example, highly prevalent mood disorders such as depression may be driven by dysregulation of integrated physiological systems and neural circuits, rather than simply due to neurochemical imbalances in the brain (Drevets et al. 2008; Hale et al. 2013) . Moreover, novel treatments may include translational application of long-studied physiological regulatory processes such as thermoregulation (Hale et al. 2013) . Translational physiologists also can help explain issues such as how stress leads to epigenetic changes linked to higher prevalence rates of anxiety and depression.
Experimental approaches
A variety of experimental approaches are available to advance translational physiology, and many of these are well established in physiological research. The most conventional approach has been to study phenotypes or mechanisms initially in cell culture, then translating to non-mammalian and mammalian animal models and, if the observations hold, to humans (Fig. 2) . Reverse translation in which function is assessed initially in populations or small groups of humans and mechanisms of action are investigated using preclinical models is equally powerful. Combining results on the same functional outcomes from different physiological models within a single study can provide a compelling story with unique 'internal validity' of observations (Donato et al. 2011; LaRocca et al. 2012; Pedersen & Febbraio, 2012) .
Numerous physiological phenotypes can be studied using such multi-level translational approaches. For example, aortic pulse wave velocity, the gold standard measure of large elastic artery stiffness, initially can be shown to be a strong independent predictor of incident cardiovascular events in a large population sample from an epidemiological (observational) study (Mitchell et al. 2010) and in clinical trials (Mitchell et al. 2007) . Modulating factors and mechanisms can be studied in smaller groups of human subjects in a clinical research setting (Tanaka et al. 1998 ) and in rodents (Sindler et al. 2011) , with the ability to further assess intrinsic mechanical properties in isolated arteries (Fleenor et al. 2012) and individual vascular cells (Qiu et al. 2010) . Measurement of aortic pulse wave velocity likely will be incorporated into medical practice in the near future, further illustrating how functional assessments can eventually influence clinical guidelines and public health. Such multi-level translational approaches are being used in several areas of physiology including skeletal muscle function (Pedersen & Febbraio, 2012) .
Continued development and greater utilization of innovative ex vivo experimental techniques will be essential if the full potential of translational physiology is to be realized. An unprecedented variety of fluid (plasma, serum, saliva, sweat, urine, cerebral spinal fluid, etc.) and cell/tissue (blood and vascular cells, muscle, fat, skin, feces, bone, etc.) samples can be obtained from human subjects, allowing bidirectional translation (Fig. 6 ). Using either conventional or newer high-throughput techniques, samples can be analysed for signalling molecules (e.g. superoxide), metabolites, gene and microRNA expression, epigenetic modifications, protein concentrations, microbiomes (oral, gut, skin, etc.) and other mechanistic biomarkers, which can then be related to physiological phenotypes of interest across preclinical models up to populations of humans (Casado-Vela et al. 2011; Donato et al. 2011; Shaw & Brettman, 2011; LaRocca et al. 2012; Pedersen & Febbraio, 2012; Jablonski et al. 2013; Kujala et al. 2013) . Samples from animal models or human subjects can be studied ex vivo after incubation with stressors or pharmacological/genetic modulators of mechanistic pathways of interest (Shenouda et al. 2011; Fleenor et al. 2012) , or studied in culture (Shaw & Brettman, 2011; Pedersen & Febbraio, 2012) . If a humoral (circulating) factor is suspected, cells or tissues of interest can be treated with serum samples from experimental and control groups (animals or humans) to isolate the mechanism (Barua et al. 2001; Lopez-Lluch et al. 2006) .
New in vivo approaches also continue to be developed, including a growing list of compounds that can be safely administered to human subjects to activate or inhibit ('pharmaco-dissect') specific signalling pathways influencing physiological function (Crecelius et al. 2012; Jablonski et al. 2013) . Rapid developments in imaging provide unprecedented opportunities for physiologists engaged in basic research to translate their observations, especially for investigations on the brain and other tissues that cannot be directly accessed in humans. In some cases, the biochemical properties of tissues can be assessed with creative use of non-invasive technology (de Vos et al. 2013) .
Finally, access to large databases and technical advances in biological and behavioural monitoring provide new opportunities to assess physiological function in both healthy and clinical populations. Creative analysis of world records for different types of athletic performance can provide unique insight into the limits of physiological function and the effects of modulating influences such as age and sex (Tanaka & Seals, 2008) . The development of commercially available devices that can monitor variables such as blood oxygenation, glucose concentrations, ECG, blood pressure, temperature, physical activity and energy expenditure are creating large population data sets that can used to assess physiological function in a variety of settings, including longitudinally (Nose et al. 2009 ). Clinically, remote monitoring of physiological function in patients with chronic diseases continues to be explored with the goal of improving medical management and reducing mortality, hospitalizations and health care costs (Koehler et al. 2011) . Harnessing the potential of such information to address questions of biological and biomedical importance represents another novel opportunity (and a big challenge) for translational physiology.
Interventions and treatments
Presently there is great interest in establishing new prevention strategies and treatments for disease. Here too, translational physiologists will be invaluable assets for accurate assessments of functional outcomes and knowledge of integrative physiological mechanisms. Translational approaches to interventions/treatments, particularly those involving experimental agents, initially may test efficacy (i.e. improvement in function) in cells or experimental animals, then seek to confirm the results in human trials. Alternatively, treatments already shown to be safe and effective in preclinical models can be directly assessed in individuals with baseline dysfunction or risk factors, or in patients with clinical disease. After establishing functional improvements, translational J Physiol 591.14 approaches can be used to determine the physiological mechanisms through which the treatment exerts its beneficial effects. Mechanisms can be investigated using pharmaco-dissection and/or ex vivo analysis of samples in the human subjects undergoing treatment, in subsequent preclinical studies, or both (Jablonski et al. 2013) . Research on omega-3 fatty acids was sparked by epidemiological findings in native Eskimo populations, and translational physiological approaches have since been used to establish benefits to function and mechanisms of action at multiple levels of observation in several populations (Mozaffarian & Wu, 2011) .
Assessing the potential efficacy of pharmaceutical or nutraceutical compounds translationally in cells, experimental animals and groups of human subjects is a well-established process, but lifestyle-based interventions also can be assessed using such an approach. Effects of exercise are routinely investigated in human cohorts, from the community to the clinical research setting, and in rodents. However, exercise also can be studied in situ (e.g. electrical stimulation of intact muscle) and in vitro in cells (e.g. stimulation of myocytes in culture or periodic increases in shear stress [blood flow] in vascular endothelial cell culture) (Broholm et al. 2011) (Fig. 7) . Energy restriction can be studied in humans and experimental animals via well-established protocols, but also in cell culture using glucose deprivation, caloric restriction mimetics and serum incubation techniques (Lopez-Lluch et al. 2006) . Indeed, 'serum treatment' models can be used to assess the effects of a variety of lifestyle behaviours on cellular and tissue function and the mechanisms involved (Roberts et al. 2006; Marin et al. 2012) .
The combination of translational thinking and new technology will increasingly allow physiologists to extend the reach of prevention and therapeutic trials on function to population levels. For example, remote assessment of automated measurements of physiological variables now allow the effectiveness of interventions to be studied over wide geographical regions without the need for subjects to repeatedly travel to centralized clinical research facilities for assessment and staff support (Nose et al. 2009 ).
The inability to advance promising treatments from the preclinical to clinical stages has been referred to as the 'Valley of Death' (Butler, 2008; Homer-Vanniasinkam & Tsui, 2012) . Translational physiology can play an important role in bridging this gap, while providing novel insight into the integrative mechanisms of action (Hall, 2002; Head, 2010; Granger et al. 2012) .
Roadblocks
There are several potential roadblocks for advancing translational physiology (Table 1) , many of which are shared with translational research in general (Deschamps & Eng, 2012; Homer-Vanniasinkam & Tsui, 2012; van der Laan & Boenink, 2012) . Differences in education and research training can contribute to scientific cultures and produce 'cognitive firewalls' that are not conducive for promoting translational physiology. Lack of knowledge (of the literature, experimental process or research environment), Figure 7 . Translational study of stressors and interventions Acute and chronic stressors and interventions can be studied using translational physiological approaches. Effects of exercise on skeletal muscle can be studied (R to L) in community settings, clinical research centres, and in laboratories using in vivo (e.g. rodent), in situ (nerve stimulation) and in vitro (electrical stimulation of muscle cells in culture) preclinical models. technical skills and access to major equipment, facilities and other resources can be an impediment to basic scientists with interest in translating their work to humans, as well as for clinical and population physiologists interested in pursuing mechanisms using preclinical models and biochemical/molecular techniques. For physiologists working with cell culture or animal models, the additional time, higher costs and daunting regulatory burden of human subjects research can be prohibitive. Moreover, with regard to prestige, publication opportunities in high impact scientific journals, and competitiveness for tenure-track positions and promotion and tenure, much of the current system in biological and biomedical science rewards 'discovery' research. Collectively, these factors can serve as strong disincentive to basic scientists contemplating translational efforts.
Strategies for promoting translational physiology
For translational physiology to be successful, these obstacles must be offset by advantages, be they altruistic (greater contribution to societal health and well being), scientific (ability to study and confirm function or mechanisms at different levels of observation) or monetary (related to access to/competitiveness for extramural funding or commercialization of products). One strategy should focus on reducing the size of the barriers (Table 1) . Educational experiences involving graduate seminars, research rotations and journal clubs in which students are exposed to basic, clinical and population based research approaches (and their respective strengths and limitations) can help establish an informed perspective about translational physiology. Individual and institutional research career development grants featuring translational physiology-oriented research training plans, projects, mentoring teams and environments should be considered where appropriate, and peer reviewers must look for opportunities to support worthy proposals emphasizing truly translational training. Featured symposia in our meetings and highlighted series in our journals should be used to promote translational physiology, and this already is occurring in some cases. Greater interaction with both physiologists conducting research at other levels of observation and biomedical investigators in other disciplines, including T2/3-related fields such as biostatistics, epidemiology, public health, sociology and behavioural psychology, will be important.
Hiring strategies in physiology units likely will have a major impact on the development of translational physiology. The long-standing trend has been to seek talented investigators who employ reductionist and, particularly recently, high-throughput molecular and systems biology approaches. Clearly there is demand for such expertise in physiology, as emphasized previously (Strange, 2005; Noble, 2008; Head, 2010; Kuster et al. 2011) . However, there also is a compelling need (and an opportunity) for investigators with skills in areas such as clinical physiology, epidemiology, biostatistics and bioinformatics in order to extend physiological research to the population level with the attendant potential for direct impact on public health. Indeed, investigators trained in the emerging areas of translational epidemiology and translational bioinformatics (Khoury et al. 2010) would provide unique synergism for physiology departments interested in increasing their ability to engage in translational research and network medicine (Barabasi, 2007; Chan & Loscalzo, 2012) . Such an approach would serve to expand and diversify the research portfolio of physiology programs, creating new scientific and funding opportunities.
For full development and implementation of translational physiology, however, more investigators presently working in human/clinical physiology must explore opportunities to either extend the scope of their work towards populations (T2/3), to perform reverse translational investigation of cellular and molecular mechanisms of action, or both. Similarly, more physiologists performing basic research must look for opportunities to translate their findings to the organism and population levels. One advantage of such efforts is that observations from preclinical models can be used effectively as preliminary data for proposing initial studies J Physiol 591.14 Figure 8. Summary: translational physiology Physiological function is studied bidirectionally over a continuum from molecular events, to sub-cellular, cellular, tissue and organ function, at the organism level using preclinical (non-mammalian and mammalian) models, in individual and small groups of humans, and in populations of humans, with direct implications for clinical practice and public health.
in humans, while requiring only a fraction of the time, labor and expense involved with obtaining preliminary results on human subjects. In the same manner, initial studies establishing a clear phenotype of interest in humans can serve as a convincing preliminary step for proposing experiments aimed at identifying mechanisms of action using basic science models. In either case, many peer reviewers find a translational foundation to proposed research projects appealing.
Pragmatically, how can such extension of our research be accomplished? Much of the challenge lies in the multidisciplinary nature of contemporary biomedical science and our limited range of expertise as individual investigators. The most obvious approach is collaboration. Collaborators can contribute their knowledge, facilities, equipment, technical skills and personnel to the effort, avoiding the need to replicate those resources. The challenges include identifying reliable partners, potential loss of control over time lines and the quality of the data, intellectual property issues, authorship disputes and possible concerns with independence when early career investigators are involved. Establishing the necessary expertise and infrastructure in your own group eliminates these problems, but can be unfeasibly time-consuming and expensive. A 'mixed model' strategy using a combination of collaborations, core laboratory facilities and establishment of new techniques within the home laboratory may be most efficient (and successful). Many campuses have clinical research centres with staff that can assist basic scientists with approval procedures for using human subjects, experimental agents, etc., as well as other administrative tasks, while providing the facilities, equipment, personnel and technical skills required for conducting protocols on human subjects.
Conclusions
It has been stated that translational research is not for the faint hearted (Homer-Vanniasinkam & Tsui, 2012) , and certainly the same can be said for translational physiology. It is, in its entirety, a challenging proposition. However, as an old adage suggests, 'with change comes opportunity' . Translational physiology provides both a framework and a platform for physiologists and their departments that emphasizes the study of function from molecular events to populations, clinical practice and public health (Fig. 8) . For investigators, translational physiology holds the potential for enhancing the completeness and societal impact of our science, and the competitiveness of our grant proposals. If established across the broadest possible scope, translational physiology can serve to further highlight and cement the critical role of physiology in the biomedical research enterprise. Importantly, translational physiology is a 'big tent' model: investigators and approaches from basic science to population physiology are welcome (and needed) to achieve its full transformative promise.
